Aim: We aimed to analyze computerized cardiotocographic (cCTG) parameters (including fetal heart rate baseline, short-term variability, Delta, long-term irregularity [LTI] [ApEn]) in physiological term pregnancies in order to correlate them with ethnic differences. The clinical meaning of numerical parameters may explain physiological or paraphysiological phenomena that occur in fetuses of different ethnic origins. Methods: A total of 696 pregnant women, including 384 from Europe, 246 from sub-Saharan Africa, 45 from South-East Asia, and 21 from South America, were monitored from the 37th to the 41st week of gestation. Statistical analysis was performed with the analysis of variance test, Pearson correlation test and receiver-operator curves (P < 0.05). Results: Our results showed statistically significant differences (P < 0.05) between white and black women for Delta, LTI, LF, MF, HF, and ApEn; between white and Asian women for Delta, LTI, MF, and the LF/(HF + MF) ratio; and between white and Latina women for Delta, LTI, and ApEn. In particular, Delta and LTI performed better in the white group than in the black, Asian, and Latina groups. Instead, LF, MF, HF, and ApEn performed better in the black than in the white group. Conclusion: Our results confirmed the integrity and normal functionality of both central and autonomic nervous system components for all fetuses investigated. Therefore, CTG monitoring should include both linear and nonlinear components of fetal heart rate variability in order to avoid misinterpretations of the CTG trace among ethnic groups.
Introduction
Electronic fetal heart rate (FHR) monitoring is the most widespread non-invasive method to evaluate fetal wellbeing during the antenatal period, especially in high-risk pregnancies.
Computerized cardiotocography (cCTG) was developed to reduce the great inter-and intra-observer variability of visual analysis. 1 cCTG is characterized by objectivity and consistency as it performs a quantitative automatic trace analysis, implementing diagnostic criteria accepted in clinical obstetric practice.
Many efforts have been made to understand the mechanisms of normal regulation of FHR variability and several studies have found that they are both linear and nonlinear. cCTG provides a standardized method to evaluate quantitative measures of linear and nonlinear indices of FHR variability. 2 Very few studies have investigated the influence of the maternal ethnic origin on FHR variability and, to our knowledge, no one has evaluated its nonlinear characteristics. 3, 4 This study was performed to describe the changes in FHR variability through the most recent investigated measures of spectral analysis and entropy in term physiological pregnancies, according to ethnic differences.
The results of this study could be useful for identifying misinterpreted FHR recordings and to assist clinicians in the management of pregnancy. 5 Moreover, the clinical meaning of numerical parameters could provide new information about physiological or paraphysiological phenomena that occur in fetuses of different ethnic origins.
Methods
This retrospective study was carried out at the Department of Obstetrical-Gynaecological and Urological Science and Reproductive Medicine, Federico II University, Naples, Italy, where we collected cCTG data from 4365 pregnant women who underwent routine antenatal monitoring. The principles of the Helsinki Declaration were followed, and all participants gave their written informed consent.
Cases were enrolled if they fulfilled the following inclusion criteria: singleton low-risk pregnancy; certain pregnancy dating (calculated from the first day of the last menstrual period and confirmed by ultrasound measurements, according to the population nomograms); 6 absence of pre-existing maternal diseases and pregnancy-related diseases, drug abuse, and cigarette smoking; a body mass index (BMI) >20 and <30 at the beginning of pregnancy; gestational age at the cCTG recording >37th and <41st week; time between the last meal and the FHR recording <4 h; cCTG with a signal loss of <15% over the whole record. [7] [8] [9] Newborn baby data (sex, weight, Apgar score, malformation at birth, admission to neonatal intensive care, and umbilical artery pH) were also collected. We excluded fetuses with chromosomal and major congenital anomalies, abnormal umbilical artery Doppler, birthweight <10 th and >90 th percentile according to the population nomograms, and inadequate umbilical cord samples at birth. 10, 11 As a result, a homogeneous population of 696 pregnant women, including 384 white women from Europe, 246 black women from sub-Saharan Africa, 45 women from South-East Asia, and 21 Latina women from South America, was enrolled in this study. The cCTG monitoring was made with the same frequency in all cases. Only one recording per fetus was analyzed and the selected cCTG trace was the last performed within 24 h of delivery.
Signal acquisition
Antepartum cCTG monitoring was performed in a controlled clinical environment with the patient lying in a semi-Fowler's position in a relaxed condition. The cCTG records were obtained using Corometrics 170 (General Electrics), equipped with an ultrasound transducer and a transabdominal tocodynamometer.
The cardiotocograph was interfaced to the 2CTG2 system, 12 which is able to perform a computerized analysis on 3-min segments of recording. The FHR records were performed according to the guidelines of the Royal College of Obstetricians and Gynaecologists 13 and the FHR analysis was carried out using 3-min segments (360 data points) without missing data, in order to prevent influences of incorrect heart rates and to obtain the same length of analysis segment for all parameters investigated, irrespective of the trace length. The initial, the middle and the final 3 min of each trace were averaged, in order to obtain a single analysis segment for each trace.
The HP fetal monitors use an autocorrelation technique to compare the demodulated Doppler signal of a heartbeat with the next one. Each Doppler signal is sampled at 200 Hz (5 ms). The time window over which the autocorrelation function is computed is 1.2 s, corresponding to a FHR lower bound of 50 b.p.m. Peak detection software then determines the heart period (the equivalent of RR period) from the autocorrelation function. With a peak position interpolation algorithm, the effective resolution is better than 2 ms.
The HP monitor produces an FHR value in b.p.m. every 250 ms. In the commercially available system, the PC reads 10 consecutive values from the monitor every 2.5 s and determines the actual FHR as the average of the 10 values (corresponding to an equivalent sampling frequency of 0.4 Hz). We used modified software in order to read the FHR at 2 Hz (every 0.5 s). The choice of reading the FHR values each 0.5 s represents a reasonable compromise to achieve a large enough bandwidth (Nyquist Frequency 1 Hz) and an acceptable accuracy of the FHR signal.
The parameters selected to quantify the complexity characteristics of the FHR series were both linear and 
Time domain parameters

Baseline
The baseline is a running average of the heart rate where accelerations and decelerations are defined as deviations of the FHR from the baseline lasting a sufficient amount of time. In an automated system for the evaluation of the CTG recordings, a reproducible determination of the baseline is fundamental. We used a real-time version of Mantel's algorithm. 16 STV STV quantifies FHR variability over a very short time scale on a beat-to-beat basis.
12 Considering 1 min of interbeat sequence, T24 (i) in ms, i = 1,..., 24, we defined STV as:
where T24 (i) is the value of the signal T (i) taken each 2.5 s.
Delta
Given a minute of signal in milliseconds T24(i) with i∈ [1; 24] , Delta is defined as the difference between the maximum and minimum FHR value:
Arduini et al. 12 exclude big accelerations and decelerations from the calculation.
LTI
LTI is computed on a 3-min segment of interbeat sequence in milliseconds. Given a signal T24(i) with i∈[1; 72], LTI is defined as the interquartile range (1/4; 3/4) of the distribution of the modula m24( j) with i∈ [1; 71] .
The definition is the same provided by de Haan et al.
17
with the exception of a window of 72 (and not 512) samples long. Arduini et al. 12 exclude big accelerations and decelerations from the calculation.
II
II is calculated as the coefficient of variation between the differences of all FHR values in 1 min of interbeat sequence, taken each 2.5 s. It was proposed by Yeh et al. 18 as a long-term variability statistic. We adopted the formulation used by Arduini et al. 12 as follows:
Frequency domain parameters
Power spectral analysis of FHR variability
The Power Spectrum of FHR variability can be quantified during the period of activity and fetal sleep by the use of mathematical algorithms in the following frequency ranges: LF, 0.03-0.15 Hz; MF, 0.15-0.50 Hz (not present in adult human subjects); and HF, 0.50-1.00 Hz. LF and HF bands are associated with autonomic nervous system (ANS) activity (mainly the sympathetic and parasympathetic branches, respectively) while the MF band is connected to fetal movements and maternal respiratory frequency. The LF/(HF + MF) ratio was also estimated as well and it quantifies the autonomic balance between neural control mechanisms from different origins (in accordance with the LF/HF ratio normally calculated in adults). For a detailed description of how these parameters are computed, please refer to Signorini et al. 
For an experimental time series of a fixed length N, m is the length of runs compared in the time series, r is the percentage of signal std (working as a filter) and Ci measures the regularity of patterns comparing them to a given pattern of length m.
Statistics
Data statistical analysis was performed using SPSS 19 .0 for Windows. The Kolmogorov-Smirnov test showed Ethnic differences in fetal monitoring Gaussian distributions in each population for all parameters investigated. The t-test was applied for continuous variables while the χ 2 -test was used for categorical variables. cCTG parameters were compared among groups using the one-way analysis of variance (ANOVA) test. The ANOVA test with the Bonferroni adjusted α was used for pairwise comparisons between groups. Moreover, some cCTG parameters were correlated with each other using the Pearson correlation test. To complete our analysis, receiver-operator curves (ROC) and specificity were obtained. Statistical significance was P-value < 0.05 for all the tests performed.
Results
The demographic and clinical characteristics by ethnic distribution of our population are shown in Table 1 . No maternal or neonatal data differences were observed among groups (P < 0.05). Fetal pH at birth and the Apgar score were both in the range of normality. No statistical differences were found with respect to the sexes of newborns.
The aim of the study was to identify which parameter or parameter set was most efficient in the discrimination among fetuses of different ethnic groups. The one-way ANOVA test showed statistically significant differences for most of the cCTG parameters investigated (Table 2) . Among the time domain parameters, Delta (F = 21.20; P < 0.001) and LTI (F = 88.46; P < 0.001) showed great performance in the discrimination task while no differences were found for baseline, STV, or II. Both the spectral analysis and the entropy estimators were different among groups: LF (F = 20.42; P < 0.001), MF (F = 10.19; P < 0.001), HF (F = 19.25; P < 0.001), LF/(HF + MF) ratio (F = 5.92; P = 0.001), and ApEn (F = 25.75; P < 0.001).
Pairwise comparisons, using the one-way ANOVA test with the Bonferroni adjusted α showed statistically significant differences between white and black women for Delta, LTI, LF, MF, HF, and ApEn. Statistical differences were found between white and Asian women for Delta, LTI, MF, and the LF/(HF + MF) ratio; and statistical differences were found between white and Latina women for Delta, LTI, and ApEn (Table 2) .
Moreover, statistically significant differences were found between black and Asian women for LF, MF, HF, the LF/(HF + MF) ratio, and ApEn; between black and Latina women for LF, HF, and ApEn; and between Asian and Latina women for MF and ApEn (data not shown).
In order to check whether our results were affected by the fetal status or by intrasubject variability, we selected a subset of our population composed of 10 pregnant women of each race and we computed the relevant parameters for each recording in three separate segments of 3 min each after identifying 2F fetal state. We performed mixed-effects ANOVA considering the segment as the within-subjects factor (three repeated measures) and the race as the between-subjects factor.
In summary, this further analysis revealed no significant intrasubject effects for almost all parameters. Only LTI showed a significant segment effect and a significant effect of the interaction between the two factors.
In order to improve the diagnostic ability of our set of parameters, we quantified the correlation between cCTG parameters for each ethnic group (Table 3) . Among white pregnant women, ApEn showed a negative correlation with LF (r = À0.542, P < 0.001) and a positive correlation with HF (r = 0.612, P < 0.001). LF showed negative correlations with MF and HF (r = À0.790, P < 0.001; and r = À0.703, P < 0.001) and a positive correlation with the LF/(HF + MF) ratio (r = 0.578, P < 0.001), respectively. Among African pregnant women, ApEn showed a negative correlation with LF (r = À0.593, P < 0.001) and a positive correlation with HF (r = 0.471, P < 0.001). LF showed negative correlations with MF and HF (r = À0.755, P < 0.001; and r = À0.788, P < 0.001) and a positive correlation with the LF/(HF + MF) ratio (r = 0.564, P < 0.001), respectively. Among Asian pregnant women, Delta showed a positive correlation with LTI (r = 0.841, P < 0.001) and a negative correlation with MF (r = À0.507, P < 0.001). ApEn showed a negative correlation with LF (r = À0.672, P < 0.001) and a positive correlation with HF (r = 0.683, P < 0.001), while LF showed negative correlations with MF and HF (r = À0.874, P < 0.001; and r = À0.724, P < 0.001). Among Latina pregnant women, ApEn showed a positive correlation with HF (r = 0.748, P < 0.001) and a negative correlation with the LF/(HF + MF) ratio (r = À0.524, P = 0.015). LF showed negative correlations with MF and HF (r = À0.895, P < 0.001; and r = À0.662, P < 0.001) and a positive correlation with the LF/(HF + MF) ratio (r = 0.673, P < 0.001). Finally, MF showed a negative correlation with the LF/(HF + MF) ratio (r = À0.579, P < 0.001).
We also considered a stratified analysis based on the sex-specific differences in FHR parameters, but no statistically significant results were found.
In order to give an idea of the true clinical potential of cCTG analysis in the detection of ethnic differences, ROC and specificity were calculated for the most significant cCTG parameters investigated (Figure 1 ).
In the comparison between white and black women groups, Delta 
Discussion
Clinical practice requires a complex examination of pregnancy based on the combination of several fetal wellbeing methods. Thus, many authors have tried to analyze the role of cCTG associated with the most established and well-known methods, such as Doppler ultrasonography, underlining the high impact of this method in the clinical decision process. Siristatidis et al. 20 demonstrated that CTG, when combined with Doppler velocimetry, increases the clinician's ability to accurately identify fetal hypoxia and decreases the rate of cesarean section.
Our investigation offers a multiparametric analysis of cCTG signal through different linear and nonlinear approaches in a population of women with term physiological pregnancies, according to ethnic differences.
The percentage of vaginal delivery was similar in all groups investigated. Similarly, there were no significant Values in bold are statistically significant. P-value for comparison between parameters for each group using the Pearson correlation test. ApEn, approximate entropy; HF, high frequency; LF, low frequency; LF/(HF + HF), LF/(HF + MF) ratio; LTI, long-term irregularity; MF, movement frequency; SD, standard deviation. Figure 1 Receiver-operator curves (ROC) for the most significant computerized cardiotocographic (cCTG) parameters investigated in (a) white, (b) black, (c) Asian, and (d) Latina groups: Delta and long-term irregularity (LTI) were better in the white group; low frequency (LF) and high frequency (HF) were better in the black group; movement frequency (MF) and the LF/(HF + MF) ratio were better in the Asian group; approximate entropy (ApEn) was better in the Latina group.
differences among the groups in terms of Apgar scores and umbilical cord pH values at birth. Our findings contradicted those of other studies 21, 22 in which black women were more likely to undergo a cesarean delivery for non-reassuring FHR tracings than were white women, probably as a consequence of low-quality CTG interpretation by the naked eye. On the contrary, the cCTG analysis offers a standardized evaluation every minute on 3-min-signal segments and excludes the periodic variation of the FHR signal (such as accelerations and decelerations), which can mislead clinicians about the real state of fetal well-being.
A significant decrease of FHR baseline occurs during pregnancy, as a consequence of progressive increase in the parasympathetic influence on FHR. In our study, FHR baseline values were similar for all pairwise comparisons, confirming the same degree of fetal neural maturity. On the contrary, other studies 3, 23 have reported higher FHR baseline values for fetuses of black women.
Medium-and long-term variability values were different for all pairwise comparisons between the white and other ethnic groups. In particular, Delta and LTI showed lower and higher values for fetuses of white women than those of black women, respectively. We also noted that fetuses of black women had the lowest LTI values and a significant reduction in the number of small and large accelerations, calculated on 20-min windows of recording, compared to fetuses of other ethnic origins (data not shown).
No statistically significant differences were found for the STV values among groups, 4 while Marie et al. reported lower STV values in the fetuses of the black, compared with the white women. 3 It is important to note that our method to calculate STV differs from that of the international standard as introduced by Dawes and Redman. 24 This is an important finding, because STV is the most significant indicator of fetal homeostasis, especially when it is compared to long-and medium-term variability. In fact, STV is the most extensively studied parameter of cCTG because it is able to assess the integrity of the autonomic nervous system (ANS) and its connections with the central nervous system (CNS): high STV values reflect a healthy ANS, and normal activity of chemoreceptors, baroreceptors, and cardiac responsiveness, while low STV values are associated with impending deterioration of fetal oxygen supply and therefore fetal distress. 25, 26 Spectral components of the cCTG signal are strongly related to neuronal control of cardiovascular system activity. They provide quantitative indicators of neuronal control of the sinoatrial node, which can be useful to help the physician's evaluation of fetal well-being. Numerous experimental and clinical studies have consistently indicated the LF component as a marker of sympathetic modulation and HF as a marker of vagal modulation. 2 In our study, spectral analysis of FHR variability provided significant variations among the ethnic groups. In particular, fetuses of black women performed the lowest LF and the highest HF values in the comparison of the groups. These results suggested the prevalence of the parasympathetic tone on the sympathetic ones and probably confirmed the full neuronal maturity of black fetuses.
MF quantifies fetal movements, basically of the trunk. It depends also on maternal breathing, as a high correlation between the fetal MF component and the maternal respiratory frequency was found. 2, 26, 28 In our study, fetuses of black women had higher MF values than fetuses of white and Asian women. This finding emphasizes the state of well-being of black fetuses as reported by the pregnant women, who confirmed a high number of fetal movements at term pregnancy.
The LF/(HF + MF) ratio is a synthetic index of the balance between physiological control components and fetal activity level. Its marked reduction in black fetuses was the consequence of an imbalance of sympathovagal activity with predominance of parasympathetic tone combined with good levels of fetal activity.
ApEn was considered to provide a measurement of feedback and regularity, so that time series, containing many repetitive patterns, has relatively low ApEn, and a less predictable process has higher ApEn. 18, 29 Li et al. 30 suggested that the lower ApEn of FHR was associated not only with fetal distress and hypoxia, but also with respiratory and metabolic acidosis in women at term pregnancy.
In our study, fetuses of black women performed higher ApEn values than fetuses of white, Asian, and Latina women, confirming the integrity and normal functionality of all components of CNS and their central integrations with the sympathetic and parasympathetic branches of the ANS.
In the correlation study among cCTG parameters, ApEn was positively correlated with HF and negatively with LF in all ethnic groups investigated. Moreover, LF was negatively correlated with both MF and HF in all groups and it was positively correlated with the LF/(HF + MF) ratio in almost all groups investigated.
Our results confirmed that the maturity of a term fetus is expressed through the prevalence of the parasympathetic tone on the sympathetic one and a higher state of neuronal complexity for all ethnic groups examined.
A complete evaluation of the clinical usability of cCTG through ethnic differences should include the analysis of its limits. For a long time, CTG was subjected to several criticisms due to the high number of false positive results, which caused both the increase of unnecessary interventions for mother and fetus and the inappropriate use of health-care resources. 5 The cCTG parameters have been found useful in the discrimination among ethnic groups. In particular, Delta and LTI performed better in the white group than in the black, Asian, and Latina groups. On the other hand, LF, MF, HF, and ApEn performed better in the black than in the white group.
These results showed that in the ante-partum assessment of fetuses of different ethnic origins, both linear and nonlinear components of the FHR variability should be evaluated in order to avoid misinterpretations of the CTG trace.
In a sub-sample of our cohort, we did not find significant influences of fetal state or intra-individual variation within cCTG tracings apart from LTI. We, therefore, cannot entirely rule out that inter-or intra-individual differences, especially when considering different fetal states of activity, may have profoundly influenced our findings.
Our results provide a first step in the analysis of cCTG parameters with respect to ethnic differences. This method could improve the accuracy of the fetal wellbeing assessment in an objective way, and especially could help the clinician's decision about the timing and method of delivery. Certainly, there are questions still unanswered, for example understanding why these disparities exist, how race and ethnicity affect the FHR variability and what is the role of environmental influences.
